The transfer of lipids between the endoplasmic reticulum (ER) and the plastid in Arabidopsis involves the TRIGALACTOSYLDIACYLGLYCEROL (TGD) proteins. Lipid exchange is thought to be bidirectional based on the presence of specifi c lipid molecular species in Arabidopsis mutants impaired in the desaturation of fatty acids of membrane lipids in the ER and plastid. However, it was unclear whether TGD proteins were required for lipid traffi cking in both directions. This question was addressed through the analysis of double mutants of tgd1-1 or tgd4-3 in genetic mutant backgrounds leading to a defect in lipid fatty acid desaturation either in the ER ( fad2 ) or the plastid ( fad6 ). The fad6 tgd1-1 and fad6 tgd4-3 double mutants showed drastic reductions in the relative levels of polyunsaturated fatty acids and of galactolipids. The growth of these plants and the development of photosynthetic membrane systems were severely compromised, suggesting a disruption in the import of polyunsaturated fatty acid-containing lipid species from the ER. Furthermore, a forward-genetic screen in the tgd1-2 dgd1 mutant background led to the isolation of a new fad6-2 allele with a marked reduction in the amount of digalactosyldiacylglycerol. In contrast, the introduction of fad2 , affecting fatty acid desaturation of lipids in the ER, into the two tgd mutant backgrounds did not further decrease the level of fatty acid desaturation in lipids of extraplastidic membranes. These results suggest that the role of TGD proteins is limited to plastid lipid import, but does not extend to lipid export from the plastid to extraplastidic membranes.
Introduction
The biosynthesis of lipids occurs in discrete subcellular biogenic membranes of different compartments. Therefore, the intracellular traffi cking of lipids is essential for the assembly of nonbiogenic membrane systems. In seed plants, the quantitatively largest fl ux of lipid precursors is between the two major sites of glycerolipid assembly, namely the endoplasmic reticulum (ER) and the plastid envelopes Browse 1996 , Benning 2009 ). These biogenic membranes cooperate and constitute two parallel pathways for thylakoid lipid biosynthesis in the ER and the plastid. The prokaryotic pathway is associated with the inner plastid envelope and produces diacylglycerol (DAG) moieties containing a 16-carbon fatty acid at the sn -2 position. The eukaryotic pathway is located at the ER and generates predominantly DAG with 18-carbon fatty acids at the sn -2 position Roughan 1983 , Browse et al. 1986 ).
The molecular mechanisms underlying such lipid transfer phenomena are still not well understood, but several Arabidopsis mutants affected in the fl ux of lipids between the ER and the plastid have been reported. The ats1 mutant has a genetic defect in plastidic glycerol-3-phosphate acyltransferase thereby lacking DAG produced in the plastid. As a consequence, the ats1 mutant is-with the exception of plastid phosphatidylglycerol biosynthesis-entirely dependent on the import of ER-derived DAG moieties for the synthesis of thylakoid lipids . Recently, mutants of Arabidopsis lacking ER-derived thylakoid lipid species were isolated and four proteins involved in ER-to-plastid lipid transport have been identifi ed by genetic approaches ( Xu et al. 2003 , Xu et al. 2005 Awai et al. 2006 , Lu et al. 2007 , Xu et al. 2008a ). These loci were named TRIGALACTOSYLDIACYLGLYCEROL ( TGD ) because of the accumulation of the new galactoglycerolipid trigalactosyldiacylglycerol (TGDG). Based on detailed analyses of the mutants and the respective proteins, it was proposed that TGD 1, 2 and 3 may form a complex in the inner chloroplast envelope membrane responsible for delivering ER-derived phosphatidate (PA) to the inside of the inner envelope membrane where PA phosphatase resides. The dephosphorylation of PA gives rise to DAG which is used for galactolipid biosynthesis in plastid envelope membranes. The fourth protein, TGD4, is involved in lipid transport between the ER and outer chloroplast envelope membrane ( Xu et al. 2008a ), but the exact role of TGD4 in lipid traffi cking remains to be determined. Recently, it has been reported that Arabidopsis homologs of lipin play an important role in the supply of eukaryotic DAG for thylakoid lipid biosynthesis under both normal and phosphate-deprived conditions ( Nakamura et al. 2009 ).
Lipid Transport Mediated by Arabidopsis TGD Proteins is Unidirectional from the Endoplasmic Reticulum to the Plastid
Similar to enzymes involved in membrane lipid assembly, there are two sets of fatty acid modifying enzymes, lipid-linked fatty acid desaturases, residing in either the ER or the inner plastid envelope, which are responsible for the production of polyunsaturated fatty acids characteristic of membrane lipids of higher plants ( Somerville and Browse 1996 ) . The gene products of two loci, FAD2 and FAD3 , desaturate 18:1 (carbons in acyl chain: number of double bonds) and 18:2, respectively, when they are esterifi ed to phosphatidylcholine (PC) and possibly other phospholipids in the ER. Five desaturases of lipidlinked acyl groups are present in the plastid. Among them, FAD6 is responsible for desaturation of 16:1 and 18:1 attached to all lipids of the plastid membranes, whereas two enzymes, FAD7 and FAD8, control the desaturation of dienoic acids to trienoic acids in plastid lipids. Mutants of Arabidopsis defective in most fatty acid desaturases were isolated, and detailed characterization of a subgroup of these mutants suggests that lipid exchange between the ER and the plastid is bidirectional, because plastid desaturases can compensate for a loss of the respective ER isoform by providing unsaturated extraplastidic lipids and vice versa. In addition, lipid export from the plastid occurs under phosphate-limited growth. Under these conditions the galactolipid DGDG, which is assembled at the outer chloroplast envelope membrane and is normally only present in the chloroplast, appears in extraplastidic membranes including mitochondria, tonoplast and plasma membrane ( Härtel et al. 2000 , Andersson et al. 2003 , Jouhet et al. 2004 , Andersson et al. 2005 . To address the question of whether TGD proteins are involved in lipid transfer processes from the plastid to the ER, the tgd mutant loci were introduced into mutant lines defi cient in the desaturation of monounsaturated fatty acids in the ER ( fad2 ) or plastid ( fad6 ). In addition, a new fad6 allele was isolated in a tgd1 mutant background. The lipid phenotypes of these double mutants grown on complete medium and tgd mutants grown on phosphatedepleted medium suggest that TGD proteins are not involved in plastid lipid export of DGDG under phosphate-replete or phosphate-depleted conditions, but play an essential role in lipid transfer from the ER to the chloroplast.
Results
A new fad6 allele in the tgd1-2 dgd1 background partially restores the phenotype attributed to tgd1-2
The tgd mutants were originally isolated as suppressors of DGDG defi ciency and stunted growth exhibited by the Arabidopsis dgd1 mutant ( Xu et al. 2003 ) . Introducing a tgd mutation into dgd1 indirectly activates a processive galactosyltransferase that produces DGDG and oligogalactolipids thereby improving growth of the dgd1 mutant. In an attempt to identify a loss-of-function mutation in the gene for the processive galactosyltransferase responsible for the accumulation of oligogalactolipids in the tgd mutants, a restorer screen was conducted on an ethane methyl sulfonate (EMS)-mutagenized tgd1-2 dgd1 population, searching for poorly growing triple mutants lacking DGDG and oligogalactolipids. Mutant pools (∼15 000 seeds in total) were visually screened on Murashige and Skoog (MS) agar plates (lacking sucrose) for plants with the pale green phenotype typical of the homozygous single dgd1 mutation in the absence of a tgd allele. This primary screen was followed by lipid analysis using thin-layer chromatography (TLC) followed by α -naphthol staining and visual examination of the relative proportions of the galactolipids monogalactosyldiacylglycerol (MGDG), DGDG and TGDG. One restorer triple mutant, now designated fad6-2 tgd1-2 dgd1 , was pale green and showed an apparent reduction in relative levels of DGDG and TGDG ( Fig. 1A ) . F 2 plants resulting from a cross between the triple mutant and the L er ecotype were genotyped at the dgd1 and tgd1-2 mutant loci with dCAPS markers. TLC analysis of galactolipids from F 2 tgd1-2 homozygous plants revealed that the DGDG and TGDG phenotypes observed in the triple mutant segregated independently from tgd1-2 (of 76 tgd1-2 homozygous plants analyzed, 13 showed a reduction in DGDG and TGDG similar to the homozygous parental triple mutant). Analyses of the total leaf fatty acid profi le of the homozygous triple mutant revealed a total loss of 16:3, with a concomitant increase in 16:1 ( Fig. 1B ) similar to the fad6-1 tgd double mutants described below. The 18:3 fatty acid content of the tgd2-1 dgd1 double mutant was already decreased compared with the wild type and did not further decrease in the triple mutant beyond levels observed for a homozygous single fad6-1 mutant, in which the chloroplast ω 6 desaturase is affected, leading to a reduction in all trienoic fatty acids in thylakoid lipids , Falcone et al. 1994 . Based on this fatty acid phenotype of the triple mutant it seemed likely that FAD6 was affected and the genomic region spanning the open reading frame of FAD6 was cloned from the triple mutant and sequenced. Comparison with the Col-2 FAD6 genomic sequence revealed a single mutation (C-to-T) which results in the substitution of a conserved proline (Pro225) with a serine ( Fig. 1C ). This mutation is different from fad6-1 , which carries a G to A transition at bp 478 in fad6 cDNA ( Kachroo et al. 2003 ) and is therefore referred to as fad6-2.
The fad6 tgd double mutants exhibit growth defects and chlorophyll defi ciency
In a convergent effort, we recognized that desaturase mutations affecting enzymes in the plastid or the ER could serve as tools to probe lipid traffi cking phenomena involving the ER and the plastid. In Arabidopsis, a single locus, FAD6 , controls the desaturation of monounsaturated fatty acids in the plastid. Despite this, a mutation in the FAD6 gene ( fad6-1 ) results only in a partial reduction in polyunsaturated fatty acids in the plastid, interpreted as a consequence of extensive lipid exchange between the ER and the plastid ( Miquel and Browse 1992 ) . To test whether plastid import of lipids with polyunsaturated acyl groups in fad6 mutants is also mediated by TGD proteins, we generated double mutants between fad6-1 and tgd1-1 or tgd4-3 , two non-allelic mutants defi cient in ER-to-plastid lipid transfer ( Xu et al. 2003 , Xu et al. 2008a . As shown in Fig. 2A , B , the growth of both the fad6-1 tgd1-1 and fad6-1 tgd4-3 double mutants on MS medium supplemented with 1 % sucrose was stunted, as compared with the wild type and single mutants. On sucrose-supplemented medium, the fad6-1 tgd1-1 double mutant was able to produce infl orescences but no fl owers or seeds, whereas the fad6-1 tgd4-3 double mutant ceased its growth at around the eight-leaf stage. Both mutants died within a few weeks of transfer to soil, indicating an inability for autotrophic growth. The fad6-1 tgd1-1 double mutant was pale green; the fad6-1 tgd4-3 plants appeared white. Measurements confi rmed that total chlorophyll was drastically reduced in the double mutants to 29 % ( fad6-1 tgd1-1 ) or 18 % ( fad6-1 tgd4-3 ) of wild type ( Fig. 2C ). The chlorophyll a/b ratio of the double mutants remained unaffected. Taken together, these results suggested that the ratio of light-harvesting complexes to the reaction center was similarly altered in the double mutants, but that the total amount of pigment-protein complex and therefore the extent of total thylakoid membranes were strongly reduced in the double mutants. The less severe phenotype observed for fad6-1 tgd1-1 in comparison with fad6-1 tgd4-3 was consistent with the leaky nature of the tgd1-1 mutation ( Xu et al. 2005 ) , whereas tgd4-3 is a null T-DNA knock-out allele ( Xu et al. 2008a ).
The fad6 tgd double mutants are defi cient in thylakoid lipids
To assess the biochemical consequence of introducing the fad6-1 mutation into tgd mutant backgrounds, we analyzed the polar lipid composition of wild type (Col-2), single and double mutants grown for 3 weeks on sucrose-supplemented medium ( Fig. 3 ) . Comparing the lipid composition of wild type, fad6-1 , fad6-1 tgd1-1 and fad6-1 tgd4-3 as shown in Fig. 3 , there was an ∼70 % reduction in relative levels of both MGDG and DGDG and a 72 % increase in PC and phosphatidylethanolamine (PE) in the fad6-1 tgd4-3 double mutant. As PE is only present in extraplastidic membranes, these results refl ect an overall increase in the ratio of extraplastidic-to-plastidic membrane lipids. The changes in the relative amounts of galactolipids in the double mutants were apparently brought about by the fad6-1 mutation because the single tgd4-3 mutation only slightly affects the thylakoid lipid composition. As expected, the levels of 18:3 and 16:3 in MGDG and DGDG were strongly reduced in the double mutants relative to wild type ( Fig. 4A, B ) . The residual amount of polyunsaturated fatty acids (18:2 and 18:3) in MGDG in the double mutants (20 % in fad6-1 tgd1-1 and 10 % in fad6-1 tgd4-3 ) likely originates from the ER by a pathway independent of TGD proteins such as lipin-mediated eukaryotic lipid synthesis ( Nakamura et al. 2009 ) because both tgd1-1 and tgd4-3 mutants still contain signifi cant amounts (∼10 % ) of ER-derived galactolipid species ( Xu et al. 2003 , Xu et al. 2008a ). Alternatively, leakiness of the introduced fad6 mutations could lead to the observed residual amount of polyunsaturated fatty acids in MGDG.
The introduction of the fad6-1 mutation into the tgd mutant background also caused a drastic decrease in the relative amount of 18:3 in PC ( Fig. 4C ) and PE ( Fig. 4D ) . These results support the notion that a large portion of 18:3 present in extraplastidic membranes is derived from the plastid rather than produced by the ER-located linoleoyl desaturase encoded by the FAD3 locus ( Browse et al. 1993 ). In the double mutants, the relative amount of 18:3 esterifi ed to PC was reduced from 26 % in the wild type to 6.8 % in fad6-1 tgd1-1 and 7.8 % in fad6-1 tgd4-3 . A similar extent of reduction of 18:3 was also seen in PE, which is an exclusively extraplastidic lipid.
The fad6 tgd double mutants are disrupted in chloroplast biogenesis
The biochemical analysis described above provides indirect evidence for a drastic decrease in photosynthetic membranes in the double mutants. To test this possibility in more direct ways, leaf sections were analyzed by transmission electron microscopy as shown in Fig. 5 . As expected, the chloroplasts from the double mutants contained a severely underdeveloped inner membrane system with few ( Fig. 5C ) or no ( Fig. 5D ) stacked grana thylakoids, whereas the wild type and fad6-1 mutant contained extensively stacked thylakoid membranes connected by stroma lamellae ( Fig. 5A, B ) . The chloroplasts were also smaller in size in double mutants in comparison with the wild type or the fad6-1 mutant.
Partial alleviation of tgd1-1 phenotypes by introduction of the fad2 mutation
The gene products of two loci, FAD2 and FAD3 , are responsible for insertion of the second and third double bonds, respectively, into lipid-linked 18:1 acyl groups in the ER. However, Arabidopsis mutants defi cient in activity of either FAD2 or FAD3 desaturases still contain relatively high proportions of polyunsaturated fatty acids in phospholipids of extraplastidic membranes Browse 1992 , Browse et al. 1993 ) . Presumably, these polyunsaturated fatty acids are produced by chloroplast desaturases and are exported to the ER. To determine the possible role of the TGD proteins in the export of polyunsaturated lipids from the plastid, we generated double mutants between fad2 and tgd1-1 or tgd4-3 mutants. In contrast to the fad6-1 tgd1-1 double mutant, the introduction of the fad2 mutation into tgd1-1 did not signifi cantly affect the growth of tgd1-1 plants ( Fig. 6A ), or the desaturation of fatty acids in MGDG ( Fig. 6C ) . Instead, lipid analyses revealed a slight increase in the relative level of MGDG in the fad2 tgd1-1 double mutant ( Fig. 6B ) . The fatty acid composition of extraplastidic lipid PE in the double mutant was also changed, with an increase in 16:0 and 18:3 and a decrease in 18:1 ( Fig. 6 D ) . In the case of the fad2 tgd4-3 double mutant, growth and fatty acid profi le were similar to those of the tgd4-3 single mutant (data not shown).
The tgd mutants are not compromised in response to phosphate deprivation
The exclusive localization of the galactolipid assembly machinery in the envelope membranes of chloroplasts ( Benning and Ohta 2005 ) and the accumulation of DGDG in the extraplastidic membranes under phosphate limitation ( Härtel et al. 2000 ) necessitate the export of DGDG from the plastid. To examine whether TGD proteins are involved in this aspect of lipid export from plastids, we compared the lipid profi le in leaves of the wild type and tgd mutants grown in the presence and absence of phosphate. In response to phosphate deprivation, an increase in relative amounts of DGDG and oligogalactolipids in both the wild type and the tgd mutants was observed, whereas signifi cant changes in the relative level of MGDG were not evident ( Fig. 7A ) . After 10 days of growth under phosphate deprivation, the relative amount of DGDG in leaves increased from 19 % to 23 % in the wild type and from 14 % to 23 % in tgd1-1 ( Fig. 7B ) . To examine the subcellular distribution of DGDG, microsomal membranes were isolated by differential centrifugation from leaves of wild type and tgd mutants subjected to phosphate deprivation. The relative proportion of DGDG in the microsomal membranes increased from 10.3 % to 27.8 % after phosphate deprivation in the wild type and from 7.2 % to 27.5 % in the tgd1-1 mutant. A large increase in relative levels of DGDG was also seen in roots of both the wild type and the tgd1-1 mutant subjected to phosphate deprivation ( Fig. 7A ). Since plastids represent only a minor proportion of cell membranes in roots, this result again suggested that the DGDG accumulated under phosphate deprivation may be associated with extraplastidic membranes and that tgd mutants are not compromised in lipid traffi cking from the chloroplast to extraplastidic membranes.
Discussion
All four non-allelic tgd mutants so far characterized in detail have strikingly similar lipid phenotypes including the underrepresentation of 18-carbon fatty acids in the sn -2 position of the glycerol backbone of galactolipids ( Xu et al. 2003 , Awai et al. 2006 , Lu et al. 2007 , Xu et al. 2008a , which is the characteristic signature of ER-derived molecular species of thylakoid lipids Roughan 1983 , Browse et al. 1986 ). Consistent with a defect in ER-to-plastid lipid traffi cking, biochemical in vitro lipid transfer assays showed a decreased ability of tgd1 chloroplasts to convert lipid precursors such as PC and PA into MGDG ( Xu et al. 2005 ) and a reduced ability of ER prepared from the tgd4-1 mutant to transfer acyl groups of PC to MGDG in pea chloroplasts ( Xu et al. 2008a ). In the present study, we set out to test the role of TGD proteins in lipid export from plastids by generating double mutants between tgd mutants and mutants defective in the production of polyunsaturated fatty acids in either the ER ( fad2 ) or the plastid ( fad6 ). Fortuitously, we also identifi ed a new fad6-2 mutant allele. Despite the genetic defects, the amounts of polyunsaturated fatty acids in leaves of fad2 and fad6 are only slightly reduced and both mutants are similar in growth and appearance to the wild type under normal growth conditions ( Browse et al. 1989 , Miquel and Browse 1992 ) . This lack of a strong phenotype in these mutants is due primarily to bidirectional lipid exchange between the ER and the plastid and this exchange allows the monounsaturated fatty acid desaturase in one compartment to provide highly unsaturated lipids to the other. Consistent with this notion, the fad2 fad6-1 double mutant is essentially devoid of polyunsaturated fatty acids and is extremely chlorotic and incapable of autotrophic growth due to lack of competent photosynthetic membrane systems ( McConn and Browse 1998 ) . Similar to fad2 fad6-1 double mutants, the introduction of the fad6-1 mutant allele into tgd mutant backgrounds resulted in a strong reduction in the relative amounts of polyunsaturated fatty acids in thylakoid lipids ( Fig. 4A, B ) . Given the dependence of fad6 chloroplasts on the import of lipid precursors desaturated by FAD2 and FAD3 from the ER, this result provides additional evidence for a critical role of TGD proteins in the eukaryotic pathway of thylakoid lipid biosynthesis. These results, together with the embryo-lethal phenotypes of the ats1 tgd1 ( Xu et al. 2005 ) and ats1 tgd4-3 ( Xu et al. 2008a ) double mutants lacking both the prokaryotic ( ats1 ) and the eukaryotic ( tgd mutants) pathways of thylakoid lipid biosynthesis, provide independent genetic evidence for a critical role of TGD proteins in mediating lipid transport from the ER to the plastid.
The collective biochemical and genetic evidence gleaned from previous radiotracer labeling experiments ( Roughan and Slack 1982 ) , and in-depth analyses of fad2 ( Miquel and Browse 1992 ) , fad6-1 ) and other mutants ( Browse et al. 1993 ) clearly indicated that the plastid imports 18:2-containing lipid species from the ER for thylakoid lipid assembly. Moreover, the export of 18:3-containing lipid species from the plastid appears to contribute more than half of the 18:3 present in extraplastidic membranes ( Browse et al. 1993 ) . Whereas evidence is mounting of an important role of TGD proteins in plastid lipid import, our data clearly show that these proteins are not required for lipid export from the plastid. This conclusion is based on the fact that the introduction of tgd mutations into the fad2 mutant background results in an increase rather than a decrease in relative levels of 18:3 in extraplastidic phospholipids with a concomitant decrease in 18:1 ( Fig. 6 D ) . The growth of the tgd1-1 fad2 mutant was not affected. The reason behind this effect of the fad2 mutation on extraplastidic lipids in tgd1 is not known, but it is likely due to the activation of the prokaryotic pathway of thylakoid lipid biosynthesis in the fad2 mutant ( Miquel and Browse 1992 ) , which may compensate to some extent the genetic defect in ER-to-plastid lipid import in tgd1-1 mutants. Furthermore, the tgd mutants are not compromised in response to phosphate deprivation. In contrast, a greater extent of increase in the amount of DGDG was seen in the tgd mutants under phosphate stress when compared with the wild type ( Fig. 7B ). This could indicate that lipid traffi cking of the ER glycerolipid precursor for DGDG biosynthesis during phosphate deprivation is independent of TGD proteins. Alternatively, pleiotropic changes at the biochemical level in the tgd mutants during phosphate limitation, such as an increase in the availability of DAG and/or phosphatidate, or an activation of the processive galactosylltransferase, also seem possible.
It is interesting to note that in fad6 tgd double mutants, there was a strong decrease in the level of 18:3 in phospholipids such as PC and PE ( Fig. 4D ). This result supports the conclusion made in previous studies ( Browse et al. 1993 ) that a large portion of 18:3 present in extraplastidic membranes originates from the plastid.
Analysis of tgd mutants ( Xu et al. 2003 , Xu et al. 2008a ) and other mutants including ats1 ( Kunst et al. 1988 ) , fad2 ( Miquel and Browse 1992 ) and fad6-1 ) revealed a striking fl exibility of the two alternative pathways of lipid biosynthesis in Arabidopsis. In every case, the blockage of one pathway was compensated by an up-regulation of the other so that the overall lipid composition and functional properties of thylakoid membranes remained largely unchanged. For example, in tgd mutants, the loss of the eukaryotic pathway is compensated by the prokaryotic pathway and the reverse is true for the ats1 mutant. The molecular mechanisms and the signal events underlying such a remarkable metabolic adaptation are largely unknown but it is likely that changes in physical properties of membranes and the feedback regulation of lipid biosynthetic enzymes, possibly via central lipid metabolites such as PA, are involved.
Materials and Methods

Plant materials and growth conditions
All Arabidopsis ( Arabidopsis thaliana ) plants were of the Columbia ecotype (Col-2). The tgd1-1 mutant has been described by Xu et al . (2003) , the tgd4-3 mutant by Xu et al . (2008a) , the fad2 mutant by Miquel and Browse (1992) and the fad6-1 mutant by Browse et al . (1989) . Seeds of the tgd1-2 dgd1 double mutant were previously described by Xu et al . (2003) and were mutagenized with 0.2 % EMS for 16 h as previously described ( Dörmann et al. 1995 ) . These mutagenized seeds were grown and the M2 seeds were harvested and used to screen for restorer mutants. Surface-sterilized seeds of Arabidopsis were germinated on 0.8 % (w/v) agar-solidifi ed MS ( Murashige and Skoog 1962 ) medium supplemented with 1 % (w/v) Suc in an incubator with a photon fl ux density of 60-80 µmol m − 2 s − 1 and a light period of 16 h (22 ° C) and a dark period of 8 h (18 ° C). When necessary, 10-day-old seedlings of Arabidopsis wild type and mutants were transferred to soil and grown under a photosynthetic photon fl ux density of 100-120 µmol m − 2 s − 1 at 22/18 C (day/night) with a 16 h light/8 h dark period.
Construction of the double mutants and genotyping
To generate the double mutants, tgd 1-1 and tgd4-3 were used as the pollen donors in crosses to fad2 and fad6-1 . F 2 plants derived from these crosses were screened for homozygous tgd mutants by analyzing lipid patterns for the diagnostic presence of TGDG. The double mutant was identifi ed from the homozygous tgd mutants by gas chromatography detecting the increase in 18:1 or the loss of 16:3 fatty acids, diagnostic for plants carrying the homozygous fad2 or fad6 loci. The dgd1 allele was genotyped using the dCAPS marker previously described ( Xu et al. 2008b ) , and the tgd1-2 allele was genotyped using a dCAPS marker amplifi ed with the forward and reverse primers 5 ′ -CATGTCTATGTTGGAAGAAGAAACC-3 ′ and 5 ′ -TGAAAGCCATACCAACAAATGTAGA C -3 ′ , where the underlined mismatched base creates an Aat II site in wild-type amplifi ed DNA which is abolished in tgd1-2.
Lipid and fatty acid analyses
Lipids were extracted from 3-week-old seedlings grown on MS medium with 1 % sucrose as previously described ( Dörmann et al. 1995 ) . Polar lipid extracts were analyzed on activated ammonium sulfate-impregnated silica gel TLC plates (Si250 with preadsorbent layer; Mallinckrodt Baker, Phillipsburg, NJ, USA) using a solvent system consisting of acetone:toluene:water (91:30:7, v/v/v) . Lipids were visualized by brief exposure to iodine vapor or staining with α -naphthol to detect glycolipids. For quantitative analysis, individual lipids were isolated from TLC plates and used to prepare fatty acid methyl esters. The methyl esters were quantifi ed by gas-liquid chromatography using myristic acid as internal standard ( Rossak et al. 1995 ) .
Preparation of microsomal membranes
To isolate microsomal membranes, seedlings were homogenized with a mortar and pestle in homogenization buffer consisting of 0.33 M sorbitol/25 mM HEPES-KOH, pH 7.9, 10 mM EDTA and 0.1 % fat-free bovine serum albumin (BSA).
The homogenates were fi ltered through two layers of Miracloth (Calbiochem, Gibbstown, NJ, USA) and centrifuged at 10 000 × g for 15 min to remove intact organelles and debris. The supernatant was centrifuged at 150 000 × g for 15 min to pellet microsomal membranes. The pellet was washed once with the homogenization buffer lacking BSA and lipids were extracted immediately by addition of two parts chloroform/methanol/ formic acid (10:10:1, v/v/v). Lipid analysis was performed as described above.
Transmission electron microscopy and light microscopy
For electron microscopy, leaf tissues from 3-week-old wild-type and tgd1-1 mutant plants grown on agar-solidifi ed medium were fi xed with 2.5 % (v/v) glutaraldehyde and 2 % paraformaldehyde (v/v) in 0.1 M sodium phosphate buffer (pH 7.4) by infi ltration under vacuum. The samples were post-fi xed with 1 % osmium tetroxide in the same buffer for 2 h at room temperature. After this double fi xation, samples were dehydrated in a graded series of acetone, embedded in EPON812 resin (Electron Microscopy Sciences, Hatfi eld, PA, USA) and sectioned. The thin sections were stained with 2 % uranyl acetate and lead citrate before viewing in a JEOL 100CX transmission electron microscope (JEOL Inc., Peabody, MA, USA). For light microscopic observation, the sections were stained with 1 % (wt/vol) toluidine blue and examined using a Zeiss Axiophot microscope (Carl Zeiss, Thornwood, NY, USA). Pigments were determined as described by Lichtenthaler (1987) Funding
